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AN EXPERIMENTAL STUDY O F  THE NEAR WAKE O F  A 
TWO-DIMENSIONAL HYPERSONIC BLUNT BODY WITH 
MASS ADDITION* 
Donald J. Collins, Les t e r  Lees,  Anatol Roshko 
California Institute of Technology 
Pasadena,  California 
Abstract  
An experimental  investigation of the steady, 
laminar  near-wake flow field of a two-dimensional, 
adiabatic, c i rcular  cylindcr with surface m a s s  
t r a n s f e r  h a s  been made a t  a f r e e - s t r e a m  Mach 
number of 6. 0.  
t ra t ion f ie lds  associated with the t r ans fe r  of argon, 
nitrogen o r  helium into the near wake were  studied 
for m a s s  t r ans fe r  f rom the forward stagnation 
region, and f r o m  the base.  Fo r  sufficiently low 
m a s s  t r ans fe r  r a t e s  f r o m  the base,  fo r  which a 
recirculating zone exists,  the ent i re  nea r  -wake 
flow field co r re l a t e s  with the momentum flux, not 
the m a s s  flux, of the injectant,  and the m a s s -  
concentration field i s  determined by counter-cur-  
rent  diffusion into the r eve r sed  flow. F o r  m a s s  
addition from the forward stagnation region, the 
p r e s s u r e  field i s  undisturbed and the mass-con- 
centration field i s  nea r ly  uniform in the regionof 
r eve r sed  flow. The axial  decay of  argon m a s s  
concentration in the intermediate wake, down- 
s t r e a m  of the neck, i s  explained with the aid of  
an integral  solution in the incornpressihle plane, 
f r o m  which the location of the virtual origin for  
the asymptotic far-wake solution has  been dcrivcd 
as  one resul t .  
The p r e s s u r e  and mass -concen-  
L i s t  of Symbols 
M Mach numhcr 
m molecular wcight 
P pressure  
Pitot p r e s s u r e ,  impact p r e s s u r e  
u d  m 
Reynolds numbers  W 
R e ~ , d  
u x  e 
V 
Sc - Schmidt number 
T temperature  
u, v physical velocity components 
u* %!? - dividing s t reamline velocity ra t io  
U u /ue  - t ransformed velocity 
U e 
physical coordinates xs Y 
u k  
=Xb 1 - - Chapman-Rubesin factor % - - t ransformed physical x cco bi, x -x 
C .  C. p . 1 0  - m a s s  concentration r b  
1 ‘ 1  ’ 
x /d  
X d ( x / d )  - modified Howaith d cylinder d i a m d c r  
D binary diffusion coefficient coordinate 
_ri-L X location of reattachment 
2iy-1) - 
A - t ransformed physical y 
Y -x G(M ) ’0 L[%]’=LE+Y ML] P - p c o ~ W  To M, r b  
A. 
m r a  H -’ G(M ) - Korst  injection pa rame te r  Y 
I 2+ [ T I 2  - m a s s  t r ans fe r  pa rame te r  1 modified Howartb coordinate %Air ’ m 
B. L .  a 
6 
AB, L, [so pudy] =peueld-6*) - m a s $  flux per 
s Y specific heat ratio 
unit span in cylinder boundary layer up- 
s t r e a m  of separation b boundary-layer thickness 
b a s e  boundary-layer thickness 
‘b 
A pmu,d - intercepted f r e e - s t r e a m  m a s s  
flux per  unit span 
6 
A. m a s s  flux per unit span of injectant h* / @ -a dy boundary-layer displace-  
ment thickness 0 pe‘e 
m. 
- m a s s  t r a n s f e r  pa rame te r  A ( % )  -- ‘(1; - se l f - s imi l a r  profile curvaturc  a t  
f i +  B. L. UCX) y” = 0 
* 
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b 
8 A ( I  - u l u  )dy - momentum thickness;  
angle f r o m  forward stagnation point 
Y kinematic viscosity coefficient 
5 X - X  - t ransformed Howarth coordinate 
e, 
p density 
o(%, a ( X )  
N 
virtual origin for  the asymptotic far  wake 
non-dimensional length scale  for the 
se l f - s imi l a r  prof i les  
J. s t r e a m  function 
Subscripts 
b base  stagnation point 
q centerline 
e external  
i injected fluid 
N neck 
s boundary layer immediately ups t r eam of 
separation 
o total or  stagnation condition 
co undisturbed f r e e - s t r e a m  conditions 
Introduction 
Thc ro l e s  of heat and m a s s  t r a n s f e r  in the 
development of the wake behind a body, and the 
diffusion of chemical species  within the n e a r -  
and far-wake flows a r e  problems of considerable 
technological importance.  The purpose of the 
present  investigation was to determine the effect  
of m a s s  addition on the laminar wake of a c i rcular  
cylinder and to examine the diffusion of the injec-  
ted species  within the near-wake flow. 
t a i l s  of this work a r e  given in Reference ( 1 ) .  
The d e -  
The basic flow-field s t ruc tu re  for  the c i r cu -  
l a r  cylinder (Figure ( l ) ) ,  in the absence of m a s s  
addition, h a s  previously been described in con- 
s iderable  detail in References (2),  ( 3 ) ,  (4). (5), and 
therefore  only those a spec t s  of the flow which r e -  
la te  direct ly  to the phenomena of m a s s  addition 
will be included h e r e .  The problem of m a s s  dif-  
fusion in the f a r  wake of a uniformly porous cyl-  
inder h a s  
and Herzog has  investigated the effects of nitro- 
gen addition f r o m  the base on the near-wake p r e s -  
su re  field. 
discussed in References ( 6 ) ,  (7 ) .  
It seems obvious, a p r io r i ,  that m a s s  addi- 
tion into the near-wake flow f r o m  t h e b a s e  will 
perturb the flow-field s t ructure .  However, i t  is 
not obvious what effects on the near  wake will be 
produced by m a s s  addition f r o m  the forward stag- 
nation region of the body when the ma88 t r ans fe r  
r a t e s  a r e  low enough that the bow shock s t ructure  
is  not affected. In the la t ter  case,  one might 
expect perturbations to occur in the Structure of 
the cylinder boundary layer which, a f t e r  s epa ra -  
tion, becomes the f r e e  shear  layer in the nea r  
wake. For  the addition of a foreign species,  one 
might a l so  anticipate changes in the dynamics of 
the reattaching s t reamline result ing f r o m  the 
presence of finite m a s s  concentrations. The a c -  
cumulation of these effects would be  expected to  
influence the near-wake flow field accordin to 
the theories  of Korst(9)  and Chapman. ( l o ) ( ' ? )  
L/ 
For  m a s s  addition f r o m  the base,  two funda- 
mentally different mechanisms have been proposed 
to descr ibe the influence of m a s s  addition on the 
base  p r e s s u r e .  These will be br ief ly  summarized:  
1 .  Korst ,  et. a l . (9)  proposed for turbulent 
flow that the b a s e  p r e s s u r e  is established by an 
expansion of the gas  f rom the f r e e - s t r e a m  d i r e c -  
tion to a direction paral le l  to a n  assumed,  straight 
+=a s t reamline which bounds the recirculating flow. 
and that the change in base  p r e s s u r e  with m a s s  
addition can be calculated by considering the spread 
of the + = O  st reamline to accomodate the addedmass  
( 1 OK1 1) 2. The arguments  advanced by Chapman, 
for a fully-developed laminar  mixing-layer profile,  
establish the base p r e s s u r e  in t e r m s  of the velocity 
uh on the stagnating s t reamline.  When the m a s s  
entrainment in the shear  l aye r  i s  par t ia l ly  sa t i s -  
fied by m a s s  addition, u* i s  reduced below the 
value for a fully-developed free shear l aye r .  A s  
a result ,  the l e s s  energetic compression supports 
a smaller  p r e s s u r e  r i s e  to reattachment,  and the 
base p r e s s u r e  i s  increased. 
definitive experiments,  i t  h a s  been generally be -  
lieved that this  cr i ter ion is cor rec t  f o r  laminar  
flow when modified to include the influence of a 
finite init ial  boundary layer  on the development 
In the absence of 
of the non-similar  mixing profile d 
The arguments  by Korst, et. a l . ,  and by 
Chapman, .both conclude that the base p r e s s u r e ,  
and hence the near-wake s t ruc tu re ,  depend only 
on the properly normalized m a s s  flux of th i n -  
jected fluid. The experiments of CarriAre?") 
and Ginoux,(13) using only a i r  a s  an injectant, 
seem to  substantiate the dependence of the base 
p r e s s u r e  on the m a s s  flux of the injected gas.  
However, because the distinction between the 
m a s s  flux and the momentum flux can only he made 
by varying the molecular weight of the injectant, 
both se t s  of experiments a r e  inconclusive. The 
present  experiments a r e  designed to study the 
physical mechanism associated with the effect of 
m a s s  addition on the base p r e s s u r e  and the n e a r -  
wake p r e s s u r e  field, and to determine the c o r r e -  
lation of these effects with Reynolds number and 
molecular weight by using argon,  nitrogen and 
helium a s  injectants.  
To  the present  t ime, no theoretical  or exper-  
imental  investigations have been performed to de -  
t e rmine  the distribution in the near-wake flaw field 
of m a s s  species  t r ans fe r r ed  to the flow f r o m  the 
body. In the present  investigation, the dis t r ibu-  
tions of the injected species  w e r e  measured in the 
steady near-wake flow of a c i rcular  cylinder, and 
the important mechanisms that determine the d i s -  
tribution of passive s c a l a r s  (i. e .  m a s s  and, by 
analogy, t empera tu re )  in the near  wake a r e  exam-  
ined. In addition, to understand the behavior of 
the asymptotic far-wake distribution of the injected 
species,  an intermediate wake region, immediately W 
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downstream of the wake neck, i s  examined to 
determine the influence of the near-wake flow 
on the development of the asymptotic far  wake 
Experimental  Technique 
v Flow Facili tv 
The experiments w e r e  performed a t  a nomi-  
nal f r e e - s t r e a m  Mach number of 6 .  0 ,  and f r e e -  
s t r e a m  Reynolds numbers  Re, d = 0. 905 X IO4 
and 2. 95 x I O 4  in Leg I of the GALCIT hypersonic 
facility. This  facility i s  a closed return,  con- 
tinuous flaw tunnel with a 5 in. x 5 in. t e s t  s e c -  
tion and a stagnation temperature  of 735'R. 
Models 
The wind-tunnel models used in this investi-  
gation (Figure I )  consisted of 0. 200  inch diameter  
s ta inless-s teal  tubes which spanned the t e s t  s e c -  
tion and were  supported by dual O-r ing seals  in 
po r t s  on either side wall. 
provided with tr iangular cross-flow fences down- 
s t r e a m  of the cylinder to in su re  a spanwise uni- 
f o r m  s t a t i c -p res su re  field in the base region 
(cf. Reference ( 1 ) ) .  
These models were  
Two models were used in the experiments:  
a p r e s s u r e  model and a m a s s  t r ans fe r  model. 
The p r e s s u r e  model used an internal O-r ing to  
hold either base mounted Pi tot  probes or  in se r t  
s t a t i c -p res su re  probes,  with which the axial  d i s -  
tr ibutions of Pi tot  and static p r e s s u r e  w e r e  m e a s -  
ured in the r eve r sed  flow in the absence of m a s s  
addition. 
used a machineable porous ce ramic  in se r t ,  bonded 
with epoxy into a longitudinal slot in the cylinder, 
to t ransfer  the injectant f r o m  the body su r face  
into the flow field a t  a r a t e  determined by a cali-  
brated flow me te r .  P r e s s u r e  taps  were not in-  
cluded in the model because of the small  scale 
and the possibil i ty of interference with the flow 
through the ce ramic  ma te r i a l .  
The m a s s  t r ans fe r  model (Figure 1)  
-. 
To insu re  the spanwise uniformity of the flow 
field, the model plenum p r e s s u r e  and temperature  
were  measured.  
uniform with 0.5% and independent of the external 
flow, while the t empera tu re  was within lO$of the 
adiabatic-wall t empera tu re  of the model. It i s  
concluded that the flow through the ce ramic  is an 
isothermal ,  choked flow and that the exit Mach 
number Mi - 1 /x. Measurements  of the span- 
wise p r e s s u r e  and mass-concentration dis t r ibu-  
tions in the base region confirmed that the n e a r -  
wake flow with m a s s  addition was  near ly  two- 
dimensional in the region of reversed flow. Down- 
s t r e a m  of reattachment,  three-dimensional effects 
resulted in an overall  dec rease  in the mass -con-  
centration levels.  
P r e s s u r e  Measurement  
The p r e s s u r e  was found to be 
The impac t -p res su re  and m a s s  -concentration 
fields were measu red  by using a family of Pi tot-  
sampling probes,  constructed with various dimen- 
sions fo r  the flattened oval tip, in o r d e r  to inves-  
t igate the effects of p rohe  Reynolds number and to 
provide an adequate sample with a minimum probe 
dimension and minimum response t ime.  
s t a t i c -p res su re  field was a l so  measured using a 
v family of probes,  each adapted to the par t icular  
The 
regime of measu remen t  (cf. Reference ( I )  
The measu remen t s  w e r e  made with a 0-5 psia  
p r e s s u r e  t ransducer  manufactured by Statham 
Instrument Co., and a vacuum re fe rence  sil icone- 
oil  micromanometer .  The data were cor rec t ed  
for both viscous and probe in t e r f e rence  effccts ,  
and were  adjusted to account for existing tunnel 
gradients.  
Mass  Concentration Measurement  
Reis and Fenn(14) have demonstrated that for 
the flow of a binary mixture  of gases  of disparate  
molecular weights, the p re sence  of a sampling 
prohe may cause barotropic species  separation by 
vir tue of the existence of a strong l a t e ra l  p r e s s u r e  
gradient in the vicinity of the probe tip. The mag-  
nitude of this  separation i s  a function of the Mach 
number,  Reynolds number.  and the dispar i ty  b e -  
tween the constituent molecular  weights. The im- 
portant pa rame te r  in the mass-sampling problem 
i s  the rat io  of the a r e a  of the sampled s t r e a m  tube 
relative to the incident c ros s - sec t ion  of the probe, 
which, fo r  the low Reynblds numbers  encountered 
in the p re sen t  experiments ,  i s  typically of the 
o r d e r  of 0 .  2, because of viscous effects .  
To verify that the m a s s  concentrations meas- 
ured by the probe w e r e  co r rec t ,  measu remen t s  
were  per fo rmed  in the wake behind the cylinder,  
wi',h m a s s  addition f r o m  the base .  F o r  these  
measurements ,  the m a s s  concentration a t  a point 
was  measured a s  a function of prohe Reynolds 
number and the m a s s  flux through the probe, for 
.rrgon and helium addition. No barotropic  e f f ec t s  
were  found either for  an i n c r e a s e  in probe Reyn- 
olds number by a factor of five, o r  for  a change 
in probe m a s s  flux by a factor of ten. 
of these measurements ,  i t  i s  concluded that the 
sample obtained i s  representat ive of the undisturbed 
flow field.  
On t h e b a s i s  
The detector for  the mass -ana lys i s  sys t em 
was  a Varian Associates  P a r t i a l  P r e s s u r e  Gauge, 
a sma l l  magnetic m a s s  spec t romete r  utilizing a 
modified Bayard-Alpert  source with a thoriated- 
i r idium filament. The spectrometer  background 
p r e s s u r e  was maintained a t  2 x I O - *  t o r r  by a 
liquid -nitrogen-trapped oil  diffusion pump. 
operation, a continuous sample was thrott led to  a 
known, conBtant p r e s s u r e  ( 2 5 ~ )  maintained by a 
trapped mechanical pump, and a portion of the 
sample was expanded through a fixed capillary 
into th spectromcter ,  operating a t  a p r e s s u r e  of 
2 x 1 0 -  t o r r .  
During 
% 
The spectrometer  sys t em was calibrated using 
known mixtures .  
each binary mixture,  i. e .  m l e  = 4 0  for  a rgon-a i r  
and m l e  = 28 f o r  both ni t rogen-air  and hel ium-air ,  
and the output of the spectrometer  was recorded,  
normalized by the spectrometer  output for  the pu re  
gas  under the same  inlet  conditions. 
Fo r  argon, the e r r o r  in the measu remen t s  was 
A single peak was scanned fo r  
a t  most  1.5$of the measu red  value over the en t i r e  
range of m a s s  concentrations.  
the measu remen t  of nitrogen, however, the percent  
e r r o r  in the m a s s  concentration of the added n i t ro -  
gen becomes unbounded a s  zero concentration i s  
approached, because the background gas  (air) con- 
ta ins  -8O$nitrogen. The h e l i u m m a s s  concentration? 
For a 1% e r r o r  in 
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were  also measured using the m / c  = 28 peak of 
nitrogen because of an instability which occurred 
in thc m / e  = 4 pcak of helium. Thereforc  the 
e r r o r  for hcl ium a lso  becomes unbounded f o r  
vanishing mass concentrations. Howevcr, a s  in 
the c a s e  of nitrogen, the percentage e r r o r  rapidly 
dimishes with increasing m a s s  concentration of 
helium. 
The Structure  of the Flow Field 
with Mass  Addition 
Forward  Injection 
Measurements  of the near-wake p r e s s u r e  
field f o r  m a s s  addition f rom the forward stagna- 
tion region demonstrate  that  the P i to t -pressure  
distributions and the base p r e s s u r e  (Figure 2 )  
a r e  completely independent of mass addition al-  
though the mass t ransfer  r a t e s  a r e  la rge  com-  
pared, to the local  boundary-layer  mass flux in 
thevicinity of the stagnation point. The m e a s -  
urements  show that neither the  bow shock wave 
nor the P i to t -p re s su re  distributions in the bound- 
a r y  layer  ups t ream of separat ion a r e  a l tered by 
moderate  m a s s  addition r a t e s .  
the flow along the dividing s t reamline a r e  unal- 
t e red  because the near-wake m a s s  concentrations 
are sufficiently low that  the density and specif ic  
hea ts  ra t io  y a r e  essent ia l ly  constant. 
The dynamics of 
On the basis  of these measurements .  i t  i s  
concluded that the mass -cancentration field corre- 
sponding to modera te  r a t e s  of mass  addition from 
the forward stagnation region i s  simply the field 
of a sca la r  quantity diffusing f rom an init ial  d i s -  
tribution in the cylinder boundary layer  into the 
otherwise undisturbed near-wake flow. 
Mass  Addition from the Base 
Base  Pressure 
The mos t  important  resu l t  of the present  ex-  
per iments  i s  that  neither the Korst  nor the Chap- 
man theory outlined in  the  Introduction gives a 
p rope r  description of the behavior of the basep res -  
sure with hasc  m a s s  t r ans fe r .  The present  exper- 
iments  show that, under the condition that a non- 
vanishing recirculat ing flow exis ts  in the near  
wake, the base  p r e s s u r e  (F igure  Z ) ,  and the ent i re  
near -wake  p r e s s u r e  field (F igure  5 )  corre la te  with 
the injection pa rame te r  
This  pa rame te r  i s  the momentum flux of the in -  
jected fluid, p roper ly  normalized to account for  
the influence of f r e e - s t r e a m  Reynolds number and 
the molecular weight of tho injectant. 
Thc present  experiments  suggest a physical 
model for the base p r e s s u r e  which depends on the 
dynamics of the interaction of the injected gas 
with the recirculat ing near-wake flow field.  This  
model  posses ses  two aspec ts :  (1 )  the  interaction 
of  the injected fluid with the reversed  flow fo rms  
a stagnation point off of the body, and consequent- 
ly ( 2 )  the injected fluid i s  turned away f r o m  the 
ax is  and i s  impressed  on the f r e e  shear  layer near  
i t s  origin, inducing an increase  in p re s su re .  Both 
aspec ts  are coupled and resul t  in  a momentumflux 
depcndence for  the hasp prcssure .  
The p r imary  aspect  of this model i s  the in tc r -  
action betwecn the injcctccl fluid and thc reversed 
flow. For  moderate mass addition ra tes ,  a r c c i r -  
culating vortex remains  in the near wake, a n d  
hence two stagnation points exist  on the axial  
s t reamline:  the r e a r  stagnation point, and a stag-  
nation point in the vicinity of the base  (see Figure 
1 ) .  F igure ( 3 )  demonstrates  that the total  p re s su re  
of the injected gas  i s  comparable with the total  
p re s su re  on the  centerline of the recirculating vo r -  
tex, and hence the base  stagnation point i s  formed 
off the body by a balance between the total  p r e s -  
sures of the two interacting s t r eams .  The gener -  
alization of the base pressure: '  'or character is t ic  
near-wake p res su re ,  i s  the stagnation p res su re  of 
the highly dissipative reversed flow a t  the base 
stagnation point,' and is  therefore  determined by 
the momentum flux of the injected fluid.  Thoproper  
scaling for this momentum flux i s  given by the mo- 
mentum flux of the reversed  flow. 
W 
The.tota1 p res su re  on the axial  s t reamline 
decays monotonically f rom i t s  value a t  the rear  
stagnation point to i t s  value at  the base  stagnation 
point a s  a consequence of viscous dissipation. 
Therefore, as the momentum flux of the injected 
gas,  and hence i t s  total  p ressure ,  i s  increased,  
the base stagnation point moves toward the rear 
stagnation point into a region of increasing total  
p r e s s u r e  for the reversed  flow. 
the reversed  flow i s  reduced as a consequence of 
the reduction of the value of ua? on the stagnating 
s t reamline.  For these reasons,  the base  pressure 
increases  with increasing mass addition. When the 
total  p re s su re  of the injected fluid exceeds the max- 
imum available total  p r e s s u r e  in the reversed flow, 
satisfied by the injected gas and the reversed flow 
vanishes, a s  reported by Herzog.i8) 
Simultaneously, 
the entrainment required by the shear  l aye r s  i s  i/ 
The second aspect  of the model involves the 
interaction between the injected gas and the sepa- 
rating free shear  layer .  
the base i s  turned b the reversed  flow in  a d i s -  
tance Sb = 6b!&i/ k), the distance f rom the body 
to the base stagnation point, and i s  impressed  on 
the separating f r e e  shear  layer over  a distance L, 
which i s  of the order  of Sb. The effects on the f ree  
shear  layer  caused by the impressed  mass are de-  
termined by the amount of mass that the layer i s  
required to entrain.  The idealization proposed by 
Chapman(l6)  gives a n  upper bound on the m a s s  e n -  
trainment resulting f rom viscous s t r e s ses .  If the 
entrainment i s  g rea te r  than Chapman's value, v i s -  
cous s t r e s ses  are n o  longer sufficient to turn the 
flow and a pressure increase  i s  induced by the in-  
teract ion which turns  both the impressed  flow and 
the flow in the f r ee  shear  layer .  The amount of 
the turning of the shear  laycr  flow, and hencc thc 
induced p res su re ,  i s  determined f rom a balance 
betwcen the momentum flux of the impressed  flow 
and some charac te r i s t ic  momentum flux associated 
with the f r ee  shear  layer .  
The gas  injected f rom 
For the present  experiments ,  the entrainment 
ra te  of the impressed  fluid, 
Xc This  distinction has  not been made in the work 
of Ful ler  and Reid,(15) for example, and care must  
be used in the interprctation of their  resu l t s .  
ii 
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exceeds the Chapman value by a factor of f r o m  
four  to eight. Therefore,  so long a s  the entrain-  
ment i s  l a rge  compared to  the entrainment speci-  
fied by the Chapman solution, and so long a s  a 
recirculating vortex exis ts  in  the nea r  wake, the 
change in the near-wake p r e s s u r e  field with base  
m a s s  addition will be a function only of the proper-  
ly  normalized momentum flux of the injected gas.  
Mass  Trans fe r  P a r a m e t e r  
The base  stagnation point interaction h a s  
determined that the p rope r  scaling for  the momen- 
t u m  flux of the injectant i s  given by the momentum 
flux in the r eve r sed  flow. However, for the c i r -  
cular  cylinder, because the sub-cr i t ical  separation 
process allows a smooth transit ion from the cylin- 
d e r  boundary layer  t o  the non- s imilar  laminar  
f r e e  shear  layer ,  the Reynolds number scaling i s  
the s a m e  for  both the r eve r sed  flow and the cylin- 
d e r  boundary layer.  Therefore ,  the cha rac t e r -  
i s t i c  near-wake momentum flux h a s  been taken a s  
that  associated with the cylinder boundary layer 
ups t r eam of separation. 
Using these  ideas,  an injection pa rame te r  i s  
formulated from the ratio of the momentum flux 
of the injected gas  to  the momentum flux in the 
boundary layer  ups t r eam of separation, given by 
&. u. 
1 1  n =  
~(P,u,") l ' ( 4 )  dy 
s 0 p e u e  s 
Evaluating the integral ,  
Since the porous ce ramic  i s  isothermally choked, 
and T i  ij Taw; where Taw is the recovery t emper -  
a t u r e  of the model, t he re fo re ,  l = I[F(m,, y e ) ] ,  
where 
and, for l a r g e  Reynolds numbers  and hypersonic 
Mach numbers ,  
i s  dependent on Re,, d only through the weak de -  
pendence of the location of the separation point on 
Re,, d, and i s  a s sumed  to  be  invariant.  
boundary-layer m a s s  flux per  unit span ups t r eam 
of separation was calculated f r o m  a locally simi- 
lar solution given by Klineherg.(3) 
The 
v T w o  fundamental differences exis t  between the 
present  m a s s  t r ans fe r  cr i ter ion and those derived 
f r o m  the models proposed by Korst ,  et. al. ( 9 )  and 
by Chapman:(101 
1. The present  pa rame te r ,  
i s  based on the momentum flux of the injectedfluid, 
not the m a s s  f lux a s  proposed by Korst ,  f o r  ex- 
ample. It should be  noted, however, that when 
ei ther  a i r  o r  nitrogen a r e  used a s  the injectant, 
the pa rame te r  I i s  indistinguishable f rom a m a s s  
flux pa rame te r .  
2.  The p resen t  model a s sumes  that the proper 
normalization i s  the momentum flux in the boundary 
layer  ups t r eam of separation, while the Korst  
p a r a m e t e r ,  
A. 
H = K' G(Mm) 
f 
f o r  example, a s s u m e s  that the proper m a s s  flux 
normalization i s  the f r e e - s t r e a m  m a s s  flux, Af ., 
These models differ in the Reynolds number scaling 
for the m a s s  t r a n s f e r  pa rame te r ,  a s  
1 
I - 
whereas  H -  
Figure ( 2 )  c lear ly  demonstrates  that  both the Reyn- 
olds number and molecular weight sCaling a r e  prop 
e r ly  included in the momentum cr i ter ion for the 
m a s s  t r a n s f e r  regime considered. 
In view of the present  resul ts ,  i t  i s  c lear  that 
the role of momentum can only be determined by 
an investigation of the effect of molecular weight. 
F o r  th i s  reason, the r e su l t s  reported byCarri&rk12) 
and by Ginoux,(13) for example. appear to he incon- 
clusive. 
P r e s s u r e  Field Similitude 
The t r a n s v e r s e  P i to t -p re s su re  prof i les  a t  the 
neck, shown in Figure (4) for nitrogen addition a t  
Re, 3x104, i l lust rate  the major features  of 
the ihh:ence of increasing m a s s  addition on the 
near-wake flow field. 
tion, the location of the separation point moves 
forward on the cylinder (cf. Herzog(8)) ,  and the 
separation shock i s  displaced into thc outer,  ro t a -  
tional flow with a corrqsponding inc rease in  strength. 
In addition, the spreading of the viscous l aye r s  r e -  
sults in a pronounced dec rease  in the strength of 
the wake, o r  recompression shock, and the com- 
bined effects significantly influence the develop- 
men t  of the intermediate-  and far-wake flows, 
downstream of the wake neck. 
With increasing m a s s  addi- 
The correlat ion of the P i to t -p re s su re  field 
with the m a s s  addition pa rame te r  fo r  argon, n i t ro -  
gen and helium addition i s  shown in Figure (5) for 
a single value of Re,, d, a t  two selected axial  loca- 
t ions;  x / d  = 0. 75 l i e s  within the recirculating vor- 
tex, and x /d  = 3. 0 i s  the location of the wake neck 
a l so  shown in Figure (4). The correlat ion of the 
entire p r e s s u r e  field, for both values of Re, d,  
h a s  not been included h e r e .  This correlat ion ' is  
demonstrated in Reference ( I )  where,  in addition, 
the separation and wake shock wave locations a r e  
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shown a s  a function of increasing I to conclusively 
demonstrate  the complete p r e s s u r e  field c o r r e l a -  
t ion.  
The Structure  of the Mass-Concentration Field 
The Near-Wake Flow 
Mass Addition F r o m  the Base 
The r e su l t s  for the near-wake mass-concen-  
tration field with mass addition f rom the base  
are given in F igu res  (6),  (7)  and (8 ) .  
i s  an i somet r i c  plot of the argon mass -concen t r a -  
tion field, while F igu res  (7) and ( 8 )  are i sog rams  
of the argon and helium mass-concentrat ion fields 
respectively,  overlayed on the character is t ic  
f ea tu re s  of the corresponding p r e s s u r e  field. In 
each of thcse figures the mass-concentration field 
i s  displayed for  the same  value of 1 and for each 
of the two values of Reynolds number.  
Figure (6 )  
F igu res  ( 6 )  and ( 9 )  demonstrate  that the dom- 
inant feature  of the near-wake mass-concentration 
field i s  the axial  decay of the mass concentrations 
f rom the base toward the r e a r  stagnation point a s  
a resul t  of the counter-current  diffusion of the 
injected species  into the r eve r sed  flow. A second 
important aspect  of the mass-concentration field 
i s  the existence of an outer t r anspor t  layer,  shown 
in Figure (6).  
vicinity of the shear  l a y e r s  and governs the t r a n s -  
p o r t  of m a s s  between the recirculating vortex and 
the outer  flow of diffusion across the shear  l a y e r s  
thus establishing the outer boundary condition on 
the inner  recirculating flaw. 
4 F o r  Re,, d = 3 x 1 0  , the t r a n s v e r s e  mass-  
concentration profiles i l lustrated in Figure ( 6 )  are 
character ized by an off-axis maximum in the vi-  
cinity of the u = 0 locus a s  a resul t  of the convec- 
tion of the high mass-concentrat ion layer  near the 
base into the shear  layer  by the recirculatingflow. 
This  maximum appea r s  as  a folding of the isolines 
in Figure (7)  and isolates  the outer t r anspor t  layer  
f r o m  the mass-concentrat ion field near the axis. 
La te ra l  and axial  diffusion resul t  both in the decay 
of t h i s  maximum, as the r e a r  stagnation point i s  
approached, and the subsequent development of 
the profile toward the asymptotic Gaussian f o r m  
downstream of the rear stagnation point. Fo r  
Re,, d = 0. 9x104, the mass-concentration field 
i s  diffusion dominated within the recirculating 
zone. At this  lower Reynolds number,  the local 
maximum does not exis t  and the ou te r  t ransport  
layer  i s  no longer distinct (Figures(6),(7lT)). The 
decreased Schmidt number f o r  helium (F lgure (8 ) )  
r e su l t s  s imi l a r ly  in the increased role of diffusion, 
a consequent reduction of the off-axis maximum 
for Re,, d = 3x104,  and a m o r e  rapid t r ans fo rma-  
tion to a monotonic diffusion profile. 
This outer layer occur s  in the 
F r o m  this  b r i e f  description of thc mass-con-  
centration field, a close analogy can be seen be-  
tween the p re sen t  experiments  and the theoretical  
model proposed by Scott and Eckert( ' ')  for  heat  
t r a n s f e r  in high Reynolds number separated flows. 
Scott and Eckert  have postulated the existence of 
two thin l a y e r s  to descr ibe the t ransport  of heat  
between the body and the outer flow. 
layer in their  model, a boundary layer  a t  the base,  
governs the t r anspor t  of heat  or mass a t  the body 
surface.  In the following discussion, the axial  
The f i r s t  
profile given in Figure ( 9 )  will be  shown to corre- 
spond to a generalization of t h e  concept of a base 
boundary layer  fo r  the low Reynolds numbers  en- 
countered in the present  experiments.  The second 
layer in the model proposed by Scott and Eckert  
corresponds closely with the outer t ransport  layer  
observed in the experiments,  and governs the 
t r anspor t  of heat  or mass between the recirculating 
vortex and the outer flow. Again, this outer layer 
may not be thin, a s  a consequence of the low Reyn- 
olds numbers  encountered in the experiments.  
u 
The boundary conditions on the mass-concen-  
t ra t ion distribution in the recirculating flow are  
determined by the m a s s  concentration a t  the base 
and by the diffusional l o s s  of m a s s  through the 
outer t r anspor t  layer .  The mass-concentration 
distribution along the u = 0 locus, and hence the 
mass concentration a t  the rear stagnation point, 
i s  determined f r o m  the requirement  that the net 
efflux f r o m  the recirculating region exactly bal-  
ances  the mass added. 
To obtain a qualitative description of the axial  
distribution of m a s s  concentration in the region 
between the two stagnation points, an approximate 
solution of the species conservation equation on 
the ax i s  will be  obtained subject to the boundary 
conditions on the mass concentration a t  the base 
and a t  the r e a r  stagnation point. 
(6 ) ,  i t  is apparent that both the axial and the 
t r a n s v e r s e  diffusion t e r m s  in the species conse r -  
vation equation mus t  be retained on the axis .  
pD = const . ,  and both the rma l  and barotropic d i f -  
fusion a r e  ignored, then for 
F r o m  Figure 
If  
where % i s  the location of the base stagnation point 
in physical coordinates, the species equation takes 
the non-dimensional fo rm 
Y 
m a x  
To facil i tate a solution, the mass-concentratiun 
field nea r  the axis  i s  assumed to be self-s imilar ,  
i. e .  ci = c%(%) F(Y/o(X) ) . 
and the axial species conservation equation becomes 
For  a qualitative understanding of the concen- 
Then the 
tration field, i t  i s  sufficient to make the assumption 
that u(%) and & ( % I  a r e  independent of E. 
species  equation has  the solution 
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where 
Takina the boundarv conditions a t  % =  0. 1. the 
It i s  apparent f r o m  these  r e su l t s  that  the 
p re sence  of the r e a r  stagnation point imposes 
a s  the solution to the species  equation the l inear 
superposition of a posit ive and a negative expo- 
nential function. The  negative qponen t i a l  c o r r e  
sponds to  the decay f r o m  a source a t  the base 
stagnation point into a uniform flow of infinite 
extent with l a t e ra l  diffusion: whereas ,  the pos i -  
t ive exponential r ep resen t s  the decay toward the 
base of the m a s s  concentration supplied by a 
source a t  the r e a r  stagnation point, whose strength 
is determined by the outer flow,. 
As = ReSc -m, the bodndary-layer c h a r -  
ac t e r  of the solution becomefevident. 
l imit  a sx 1, and the solution’&comes 
In t h i s  
v Thus, for  l a rge  Reynolds numbers,  the injected 
species  i s  confined to a thin, exponentially de -  
caying boundar 
thickness 6b - b-’. 
to the thin base  boundary layer proposed by Scott 
and Eckert .  (I7) 
l ye r  with a character is t ic  
This solution corresponds 
- 
In the present  experiments ,  U = ReSc - 0(1), 
and the axial  diffusion depth i s  of the o rde r  of the 
distance between thc two stagnation points, 
6b-D.’ m l .  
near-wake axial  distribution given in F igu res  
(6) and ( 9 )  r ep resen t s  a generalization to low 
values of 3 = ReSc of the concept of a thin base 
1 boundary l aye r  proposed by Scott and Eckert  The twq length scales in the solution, g-u- and 
2- ( A 1 - Z  - u / (  IFO’’1)8are derived f r o m  the influence 
of counter-current  diffusion and of t r ansve r se  
diffusion, respectively. 
Under these  circumstances,  the 
Forward Injection 
For  argon addition f rom the forward stagna- 
tion region, the near-wake mass-concentrat ion 
f ie ld  i s  i l lustrated in the isometr ic  plot in Figure 
(IO) and the i sog ram in Figure (11). In both f i g -  
u r e s ,  the same  value of the m a s s  t r ans fe r  param- 
eter &I = ( A i ) / ( 2 & ~ ,  L, ) i s  used a t  each of the two 
values of Reynolds number.  
The species t r ans fe r r ed  f r o m  the forward 
stagnation region enter  the near-wake flow field 
through m a s s  -concentration boundary l a y e r s  
whose thickness upstream of separation i s  com-  
parable  to the viscous boundary-layer thickness.  - 
The m a s s  concentration distribution in these 
boundary l a y e r s  dominates the boundary conditions 
fo r  the distribution of m a s s  concentration in the 
near-wake flow field, and se t s  the mass-concentra-  
tion level a t  the base.  
boundary l a y e r s  into the near-wake flow a r e  the 
na r row mass - t r anspor t  l a y e r s  shown in Figure 
(10) .  
e r s  in the two layer model proposed by Scott and 
Eckert ,  (I7) and thus provide the outer boundary 
conditions an the mass-concentrat ion field in the 
region of r eve r sed  flow. 
The extensions of the 
These l a y e r s  f o r m  the outer t r anspor t  lay-  
The t r a n s v e r s e  mass-concentrat ion profiles 
0 loci (F igu re (1 l ) ) a s  a consequence of the 
fo r  argon exhibit a nea r ly  uniform region between 
the u 
effects  of t r a n s v e r s e  diffusion within the r e c i r c u -  
lating vortex and of the dec rease  in the m a s s  con- 
centration along the undisturbed dividing s t r e a m -  
l ines by the diffusional loss of the injected species  
through the outer t r anspor t  l aye r s .  
fact  r e su l t s  in a reduction of the m a s s  concentra-  
tion level a t  the r e a r  stagnation point below that a t  
the b a s e  and provides  the second boundary condi- 
tion for the axial  decay of m a s s  concentration in 
the nea r  wake. A local  maximum occur s  off the 
axis ,  followed by a rapid decay of the m a s s  con- 
centration in the outer t ransport  l aye r .  
maximum a l s o  occur s  in the boundary-layer p r o -  
fi les in the immediate vicinity of separation, but 
does not  p e r s i s t  further ups t r eam.  
This l a t t e r  
The local 
The near-wake mass-concentrat ion p ro f i l e s  
for  helium exhibit the dominant role  of diffusion. 
For Re, ‘d = 3x1 04, a local max imum again o c c u r s  
nea r  the base,  but decays rapidly downstream be -  
cause of the decreased Schmidt number.  
Re, d = 0. 9x104, the profi les  exhibit a single in -  
flection point s imilar  to the prof i les  shown in F i g -  
u r e  ( 6 )  for argon addition f r o m  the base a t  the s a m e  
Reynolds number.  The detai ls  a r e  given in R e f e r -  
ence ( 1 ) .  
F o r  
To obtain a qualitative understanding of the 
mass-concentrat ion field in the p re sen t  case,  the 
approximate solution given previously fo r  the axial  
distribution can again be used. 
case,  because the t r a n s v e r s e  distribution i s  nea r ly  
uniform, A =  0 and hence a = 1. Therefore  the 
solution of the axial  species  conservation equation, 
Fo r  the p re sen t  
h a s  the ‘same f o r m  a s  obtained for  3 - m in the 
previous discussion. Hobever, in  the present 
case,  E =  ReSc-  O ( 1 )  a s  before,  and hence 
6b -u-’ m l ,  i. e .  the axial  diffusion depth i s  of 
the order  of the distance between the two stagna- 
tion points. Fu r the rmore ,  because the re  i s  no 
source  in the base region, the difference betwecn 
the mass-concentrat ions a t  the base  and a t  the 
r e a r  stagnation point r e su l t s  only f r o m  the de -  
c r e a s e  in the m a a s  concentration of the injected 
species along the dividing s t reamline by diffusion- 
a l  loss  through the outer t r anspor t  layer .  As a 
resul t ,  the two boundary conditions a r c  nea r ly  
equal and the axial  decay i s  extremely weak com- 
pared to that for base  m a s s  addition (cf. F igu res  
(6) .  ( 9 )  and (10) 1. As U-m, the exponential func- 
t ions again r ep resen t  a thin boundary layer  a t  thc 
7 
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base.  However, because no source ex i s t s  a t  the 
base,  the mass-concentration field i s  not expected 
t o  exhibit a boundary layer  behavior. On the con- 
t r a r y ,  a s  0 becomes large,  convection will domi- 
nate over diffusion and i t  i s  expected that  t h e m a s s  
concentration of the injectant will h e  uniformlv 
Using the modified Howarth t ransformations to 
the incompressible plane, these equations take 
the f o r m  
distributed within the recirculating flow, i. e 
C Q l )  -CE(O). 
The Intermediate Wake 
( 181 
to determine the asymptotic s e l f - s imi l a r  f o r m  for  
the inner wake i s  extended to the mass-concentra-  
tion wake, the asymptotic far-wake solution c o r -  
responds to the diffusion f r o m  a delta function 
source  a t  the origin,  
When the Oseen l inearization used by Kuhota 
2 S r  v 
where the detai ls  of the near-wake m a y  be lumped 
in the description of a vir tual  origin of the axial  
coordinate. 
As a transit ion f rom the nea r  wake to  the 
asymptotic far wake, the presence of the r e a r  
stagnation point, and the finite width of the m a s s -  
concentration prof i les  a t  the neck, r equ i r e  that 
t h e r e  a l so  be an intermediate-wake region in 
which the mass-concentration and velocity fields 
experience a transit ion from those distributions 
imposed a t  the r e a r  stagnation point by the n e a r -  
wake flow to their  respect ive asymptotic far-wake 
distributions. The  boundary conditions for  the 
intermediate wake solution a r e  specified by the 
m a s s  -concentration distribution a t  the neck. 
the incompressible plane, Figure ( 1 2 )  shows that 
fo r  argon the measu red  t r a n s v e r s e  mass-concen-  
t ra t ion prof i les  in the vicinity of the neck rapidly 
approach a Gaussian f o r m  with increasing axial  
distance.  These prof i les  exhibit a character is t ic  
width Y = o(X1, for  which C i / C t =  , l / e ,  and their  
amplitudes C 
t r ans fe r .  In addition, the experiments indicate 
that the l a t e ra l  scale  for  the mass-concentration 
wake depends mechanically on the l a t e ra l  scale  
fo r  the viscous wake, independent of the m a s s  
t r a n s f e r  ra te .  
In 
scale  l inear ly  WI h inc reas ingmass  E . .  
Using these experimental  observations,  an 
approximate solution for  the axial  distribution of 
argon m a s s  concentrations will he obtained for 
Re, d = 0. 9 ~ 1 0 ~ .  This  resul t  i s  not extended to 
the data fo r  R e m ,  d ,= 3 X i o 4  because of the occur -  
rence of transit ion In the intermediate-wake flow 
field a t  this Reynolds number.  The case  of  hel i -  
um addition will he mentioned separately.  
Neglecting axial  diffusion, the species con 
servation equation on the axis  hecomes 
ac a2c 
a Y 2  
ax u I D -  = -  
In addition, conservation of the injected species  
provides  the integral  relation 
W 
mi = 2 4  pu Cidy = const. 
N X 
where Sc =dD= const. 
To simplify the calculations, i t  i s  convenient 
to a s s u m e  that both the mass-concentration and 
the velocity fields have Gaussian distributions,  
and posses s  the same  scale,  i. e. 
2 2  ~- 1 - u  -Y l o  (XI , 
1 - u  ( X ) = e  E C$X ) 
C 
Under these conditions, the equations reduce to 
where h = - 1 for a Gaussian profile.  
Combining these relations,  the species equation 
becomes 
To approximate the axial  velocity distribution, 
a n  analytic fo rm which h a s  the p rope r  limiting 
behavior for small  X, 
X 
a t X  UE = -
h a s  been obtained by matching t h e  experimental  
data a t  X = 4. 0.  Using this  relation, i f  the origin 
and the boundary conditions a r e  taken a t  the neck, 
the solution becomes 
CE(51 
c N  
where 4 =  X - XN. F o r  small  5 ,  ~ - 1 -pc 
CE 
c N  
For  l a rge  E, -- ( P * 5 ) - $  , where 
8 
2 
p': = 
Sc 0; [b tUNl  
Thus,  for  l a r g e  5 the solution approaches the 
decay law given by the Oseen l inearized solution. 
8 
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2 
" The vir tual  origin i s  then given as  5 = I  /@4c-Sco and i s  shown by the extrapolation af?he solution 
curve in Figure ( 1 3 ) .  
The  normalized solution contains a single 
pa rame te r  aw the scale  of the t r a n s v e r s e  profile 
a t  the neck. 
tribution in the near-wake flow field,  and h a s  
been obtained f r o m  experiment by matching the 
data  a t  an a r b i t r a r y  value of 5 .  
shown in Figure (13) for argon addition f r o m  both 
the forward and the base stagnation regions.  
This pa rame te r  depends on the d i s -  v 
The r e s u l t s  are 
F o r  helium addition, the nea r  -field solution 
for  5-0 i s  invalid because the axial  diffusion t e r m  
i s  not negligible near  the origin. 
solution i s  valid, however, and has been used in 
Reference ( 1 )  t o  fur ther  sub tantiate dependence 
far wake. 
The far-field 
of the vir tual  origin on S c a ~  2 fo r  the asymptotic 
Summary 
An experimental  investigation of the steady, 
laminar  near-wake flow field of a two-dimensional 
adiabatic, c i rcular  cylinder with surface m a s s  
t r ans fe r  h a s  been made a t  a f r e e - s t r e a m  Mach 
number of 6 .  0, and f r e e - s t r e a m  Reynolds numbers  
0 x 104. = 0. 9 and Real, d 
The purpose of the investigation was to dc t e r -  
mine the effects on the near-wake flow field asso- 
ciated with the addition of m a s s  f rom the body 
surface.  The p r e s s u r e  and masssoncen t r a t ion  
fields associated with the t r ans fe r  of argon, n i t r a -  
gen or  helium into the near-wake w e r e  studied for 
mass t r ans fe r  f rom the forward stagnation region 
and for m a s s  t r a n s f e r  f r o m  the base.  -- 
Mass  addition f rom the forward stagnation r e -  
gion h a s  no measu rab le  influence on the near-wake 
p r e s s u r e  field for  moderate  m a s s  t ransfer  r a t e s .  
For m a s s  addition f r o m  the base,  the p re sen t  
experiments conclusively demonstrate  that  the 
base  p r e s s u r e ,  and the en t i r e  near-wake flow field, 
co r re l a t e s  with the pa rame te r  
the ratio of the momentum flux of the injected 
fluid to the momentum flux in the cylinder houndary 
layer  ups t r eam of separation. 
which determines the behavior of the base  p r e s -  
sure with m a s s  addition is  the establishment of a 
stagnation point off the base,  formed by the bal- 
ance of momentum between the injected fluid and 
the r eve r sed  flow, and the consequent impression 
of the injected gas on the f r e e  shear  layer nea r  
separation. 
The mechanism 
The distinction hetween a m a s s  flux and a 
momentum flux pa rame te r  i s  only possible through 
the u s e  of injectants with molecular weights d i f -  
ferent  f rom that of the f r e e  s t ream. When the 
molecular weight of the injectant i s  equal to that 
of the f r e e  stream, the pa rame te r  I i s  indistin- 
guishable from a m a s s  flux p a r a p e t e r .  For this 
reason, previous investigations (References ( 1  Z ) ,  
(13) 1, using only a i r  as a n  injectant, cannot be 
used to demonstrate the dependence of the base .A' 
9 
p r e s s u r e  on the m a s s  flux of the injectant. 
whether 
wake flow field corre1:ttes with the m a s s  flux of 
the injectant i s  not c lear .  
exist  in the p re sen t  measu remen t s  even f o r  vanish- 
ingly sma l l  changes in base  p r e s s u r e .  
Indeed. 
such r eg ime  exis ts  in which the near -  
Such a r eg ime  does not 
For l a r g e  values  of mass addition, for which 
the m a s s  entrainment in the shear  l aye r s  i s  s a t i s -  
fied by the injection, no recirculating flow exists.  
For t h i s  r e  ime, the measu remen t s  of Lewis and 
Behrens(l9Y) have demonstrated that the changes 
in  the p r e s s u r e  field depend on t h e  volume flow of 
the injectant. This  r eg ime  has  not been investi-  
gated in the p re sen t  experiments.  
The mass-concentrat ion distribution in  the 
near wake depends ent i re ly  on the boundary con- 
ditions on t h e  body and on the product Re%. 
For m a s s  addition f r o m  the base, the base 
mass concentration is large,  and the dominant 
feature  of the mass-concentrat ion field i s  the 
rapid axial  decay away f r o m  the base  as  a conse- 
quence of. the counter-current  diffusion of the in -  
jected species  into the r eve r sed  flow. The t r a n s -  
v e r s e  p ro f i l e s  decay rapidly away f r o m  the centcr- 
l ine and, a t  the higher Reynolds number,  p o s s e s s  
a local minimum in the vicinity of the u = 0 locus 
as  a consequence of the convection of t h e  h i g h  
mass-concentrat ion layer  n e a r  the base  into the 
outer 'flow by t h e  recirculat ing vortex.  The  recir- 
culating flow i s  hounded by outer t r anspor t  l a y e r s  
in the vicinity of the shear  l a y e r s  which dominate 
the t r anspgr t  of mas6 into the outer  flow. 
For m s s  addition f r o m  the forward stagna- 
tion region, the injected m a s s  en te r s  the nea r  
wake through the boundary l a y e r s  on the cylinder.  
Because no source  ex i s t s  a t  the base,  the mass- 
concentration field i s  nea r ly  uniform in the region 
of r eve r sed  flaw, and p o s s e s s e s  a local  max imum 
in the vicinity of the = 0 st reamline.  The weak 
axial  decay observed in the experiments  r e s u l t s  
only f r o m  the d e c r e a s e  in the mass concentration 
of the injected species  along t h e  dividing s t r e a m -  
line by diffusional loss  through t h e  outer t r anspor t  
l aye r s .  
In the intermediate-wake region, downstream 
of the neck, the mass-concentrat ion field h a s  
been examined with the aid of an approximate 
theoret ical  model  which a s s u m e s  that  the mass- 
concentration distribution i s  Gaussian in the in -  
compressible  plane. For argon addition, the 
axial  diffusion t e r m s  are negligible and the spe-  
c ies  conservation equation on the ax i s  gives a 
representat ion for the axial  decay. By compari-  
son with the experimental  data, the solution yields  
the axial  distribution, and the location of the v i r -  
tual  or igin for  the asymptotic far-wake solution, 
as  a function of the distribution of m a s s  concen- 
tration a t  the wake neck. 
r equ i r e s  that the axial  diffusion t e r m  he  retained, 
and h a s  not been presented he re .  
The analysis  fo r  helium 
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Figure 1 .  Tha Flow Field with Base Mas. Addition Figure 3. Adbl  Mach-Number Distribution 
(Schlieren photo from Reference (4) ) in the Near Wake 
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Figure 2. Vbriation of the Bane Premeure with Figure 4 .  The Influence of Increasing Mass 
Mass Addition Addition on the Near-Wake Flow Field 
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Figure  5 .  The Correlat ion of the Near-Wake Flow 
Field with the M a s s  Addition P a r a m e t e r  I 
F igu re  6. The Near-Wake Mass-Concentration 
Field for Argon Addition f r o m  the Base  
F igure  7. The Near-Wake Mass-Concentration 
I sogram for Argon Addition from the Base  
F igure  8. The  Near-Wake Mass,-Concentration 
I sog ram for Helium Addition f r o m  the Base 
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Figure  9. 
centration for  Argon Addition from the Base  
The  Axial Distribution of M ~ B B  Con- 
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Figure  10. The Near-Wake Mass-Concentration 
Field for  Argon Addition f r o m  the Forward Stag- 
nation Region 
o n , ,  , , , , , , , I I I ~ , , 1 
1.0 
0.8 
Ci/CiE 
0.6 
0.4 
Open Symbols-Y.0 
Filled Symbols-YCO 
ARGON 
RemDid= 0.905 X IO4 
0.2 I 
0 5 
Y/U 
Figure 12 .  The Normalized Distribution of  Argon 
Mass  Concentration in the Intermediate  Wake 
Figure  11. The Near-Wake Mass-concentrat ion 
I sog ram f o r  Argon Addition f r o m  the  Forward 
Stagnation Region 
. 
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Figure 13. The Axial Mass-Concentration Dis t r i -  
bution of Argon in the Intermediate  Wake 
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